Appl. Math. Inf. Sci.8, No. 4, 1741-1748 (2014) =) 1741

Applied Mathematics & Information Sciences
An International Journal

http://dx.doi.org/10.12785/amis/080431

Elevator Safety Risk and Countermeasures based on
FTA-TFN

Feng Wang', Jinguang Zhang', Xuedong Liang!-*, Kaituo Hu'and Jian Zhang?

! Business School of Sichuan University, ChengDu, 610065, China
2 Inspection Institute of Fujian Special Equipment, Fujian, 350008, China

Received: 1 Aug. 2013, Revised: 3 Nov. 2013, Accepted: 4 Nal’320
Published online: 1 Jul. 2014

Abstract: Aiming at problems that elevator security risk research works mainlysfon safety evaluation with less consideration of
the risk factors contributing to the accidents mechanism. This paperg@sploe method of fault tree analysis (FTA), and introduces
the fuzzy numbers in order to improve the reliability of safety risk analy&isit Tree Analysis addresses the internal mechanism of
the elevator accident caused by risk factors, and crucial aspeatsideat control. Moreover, it assesses the probability of accidents
more accurately. Then, the triangular fuzzy number (TFN) is taken doead the problem of no statistical probability or imprecise
probability of data processing during the process of accident anadysismproves the reliability of the analysis. Practical application
shows that this method can obtain the clear pivotal factors affecting thatetesafety accidents and provide a reliable assessment of
an accident probability. At the same time, it facilitates the proposing of riskgmtion and controlling measures which enhances the
safety management level of the elevator effectively.
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1 Introduction scientificity of the elevator safety evaluation. Shi Kéj [

) ) . has carried on the discussion on the safety of the elevator
The relationship between people’s lives and the elevatof, china from several aspects, including elevator

becomes closer and closer, While more and more securityersonnel qualifications, elevator pre-inspection wdr, t
issues are gradually exposed. Elevator accident POSSessgsily maintenance and so forth. Li Xiaoning, and Zheng
some special characteris_tics, such as ambiguity, expﬂpsiv Xiangpan p] establish the multilayered comprehensive
destructive and bad social effect etc.. Elevator accidentg,,|uation for the elevator safety risk assessment model,
not only cause huge economic losses each year, but alsghq analyze the identification between dangerous plot and
result in the thousands of people’s death, which call forggyrces of risks based on risk principles. As can be seen
higher requirement of the elevator accident risk preventio from the current studies of elevator safety evaluation: the
[1]. Therefore, the analysis of elevator's secu_rity_ risks a”dscientificity of evaluation system is limited due to the
countermeasures research can be of great significance. eyajuation of influences factors, the great ambiguity, and
_ At present, the domestic studies on elevator safetythe complex interaction between factors. The evaluation
risk primarily focus on the safety evaluation, in other methods contain people’s subjective consciousness,
words the elevator safety is studied with the application ofyich may lead to the problem that the internal
certain evaluation methods through the establishment of &,echanism of elevator accidents cannot be reflected

the elevator safety evaluation indicator system. Xu-Yi Gugpjectively. There are also shortcomings in the reliapilit
and Chang-Ming Zhud] have proposed a multi-factor uf the evaluation results.

risk assessment methods and a criteria of systematic

security evaluation to achieve a comprehensive safety Accordingly, this paper adopted the safety

evaluation for the elevator system. Zhang Dongpi8p [ engineering theory as a guidance. For the most common
proposes the safety assessment method based on expddor system accident of elevator accident, the paper
system. And the method is applied to the situation gradinganalyzes the impact of various factors of the accident, and
of the elevator security, improving the systematicness anddombines the fault tree theory and triangular fuzzy
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numbers to create a fault tree - fuzzy number model. Theavent and basic events by reasoning out progressively, so
model is applied to research internal interaction betweeras to establish the fault tree mod&Bf21]. On this basis,
various factors and the cause of the accident mechanisnithe emphasis of accident prevention and control is
A more accurate assessment of probability of doorconfirmed through the analysis of the accident factors
systems accident contributes to a more objective andccording to certain principles of operation (the
scientific research on elevator accident. The practicakonstruction of Fault Tree shown in F).
application results show that the proposed method has a Because the actual object usually possesses lots of
certain significance in the preventing and controlling of ambiguity, at the same time, the basic events often lack
elevator accident risks. sufficiently accurate statistical probability, therefotiee
introduction of fuzzy numbers is essential during the fault
tree analysis,. The triangular fuzzy number (TFN) applied

2 Fault tree - Fuzzy number (FTA-TFN) to analyze the fault tree in the paper is more mature,
model whose function is structured as follows7] 18]:
2.1 Fault tree - Fuzzy number (FTA-TFN) model Ll <z <m

flz)=¢ =2 <z <u 1)
The fault tree is a causal and logical tree diagram, which 0 others

looks like an inverted tree, for describing interaction

Ia;mong the various factors that lead to acudef!]ﬁsl@]. Abbreviated as ¢ = (I,m,u), 0<1<m <u.
ault Tree Analysis (FTA) is not only a logicalvisual _ ) .

accident analysis method, but also easy to be accepted. It 1N€ &lgorithm of triangular fuzzy number is as follows:

is capable of analyzing of all possible combinations of

factors contributing to accidents comprehensively. qa +qp = (li,my, un) + (L, ma, uz) = (I + Iz, my + ma,uy + up)

The fault tree graphic symbols include the event % ~5 = (b un) = (lo,ma,uz) = (I = b, my = ma, uy = us)
| he loai ls. Th |1 = (liyma,un) - (lo,ma, ug) = (Iy - la, my - ma, uy - ug)
symbols and the logic gate symbols. The event symbolsc. 5’ (¢ 1,,¢ - my,C-w))

are as shown below (Fif): (2)

(1)Fuzzy processing of basic events without statistical
Name of Event Graphic symbols Name of Event Graphic symbols probability

Resultative Events Switching Events

The probability of basic event without statistical
probability is evaluated by the panel of experts (usually
three or more), who apply the 3 method to calculate the
range of the average probability valug3[25]. While the
letter “m” is the average value of the probability
estimated, and is standard deviation. According to
statistical regularities, the confidence interval will be
[m — 3, m + 3] and the confidence level ¥.7%.

Omitted Events Derivative Events

<=1

Basic Events O Inductive Events

Fig. 1: Event Symbols of Fault Tree m=E@@)=2(q@+q+...+q)
o= 3| (@ - B@)? ©
j=1

Based on the existing researches as well as the help of
experts who devote themselves to the inspection of
electromechanical equipment in the XX Special Among them,q, is the probability estimated by
Inspection Institute §-14], the paper builds an the experts;n is the number of the experts; represents the
incident list of security accidents for the elevator door probability of the;.
system as follows (Table 1).

In the Fault Tree, the causality or logical relationships
among events are expressed by the logic gates. Logi
gates in the fault tree analysis (FTA) and graphic symbols
corresponding to it are indicated as follows (Big. Assume that the statistical probability of a basic event

Fault Tree Analysis (FTA) employs logic gates and is ¢, then its fuzzy process is as follows: taking= m,
relating symbols to represent logical relationship betwee the upper and lower bounds of fluctuations in the value
the basic events and resultative events. The methodiven by experts are and(, then the distribution of fuzzy
ultimately determines the relationship between the topprobability is betweemn — [ andm + .

é2)Fuzzy processing of imprecise statistics
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Table 1: The event list of door system

Code Name of Basic Events Code Name of Resultative Events
X; lllegal operation T Top Event

X5 Flaws of installation design Aq Extrusion

X3 Not timely overhaul Ao Shearing

Xy Lack of management of handover As Falling

X5 Undocumented work B, People at risk position

X5 Lack of contingency plan B, Failure of closed protective device
X7 Lack of training Bs The elevator suddenly started
Xs Normal call By Falling of car door

X Normal riding Bs Falling of layer portal

Xi0 Weak sense of security e e

X1 Lack of safety publicity

Xi2 Elevator outage, people trapped

X3 Elevator car not in flat layer

Name of logical gates

Graphic symbols

Name of logical gates

Graphic symbols

E
And gate [] Inhibition gate :
B R En
Do not occ
at the same
time
OR gate Exclusive-or gate
il
Order of the finite ‘ @
Condition AND gate AND gate
B
Condition OR gate Order of the infinite

AND gate

Fig. 2: Graphic symbols of Logical gates
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2.2 Fault Tree Analysisindicators (3)Structure importance

The structure importance of fault tree doesn’t take the
e of the probability of each event into account, but
considers the status of each basic event in the fault tree
1 Unit i happens ) and the influence degree to the top event based solely on
Ti = {0 Unit i doesn't happen (1=1,2,...,n) the structure of fault tree.

The mathematical description of fault tree based on the;,
structure function is as follows:

4) When the state of a basic evekit turns from 0 to 1
(ie Qi li) while the status of the other basic events remain
unchanged, the change in the status of the top event may

Wherein,y = (z) is known as the structure function have three cases:

| 1 Top event happens
Y=o Top event doesn’t happen

of the system. State changes from0to 1
Fault tree employs Boolean algebra rules to compute, #(X) = { Keep state 0 unchanged @)
and transforms Boolean functions into disjunctive and Keep state 1 unchanged
conjunctive form according to the feature of Boolean ) . .
algebra p4]: Of these, only the first case describes that the basic

eventX; has played an important role in the occurrence of

Disjunctive standard form: . .
the top event. Thus the structure importance is calculated

n as follows:
f=Al+As+. +A4,=) 4 (5) 1
= Loty = oy D161, X) = 0(05, X)) (8)
Conjunctive standard form: Wherein,n represents the number of basic events. This

calculation method is complicated, usually calculating by
means of a truth table or software.
f=Bi-By-...-B,, B,=)Y B (6)

=1 (4)Probability of top event

. . The probability of the top event is calculated by the

in dif:‘;tt‘i) rrstsaen E:Lgtbt;;e:d an%ﬁg&[zz\grg?l Important minimal cut sets and minimal path sets. In general, it is
' more precise to get solutions through the minimal cut sets.

(2)Minimal cut sets 1) No duplication of basic events within minimal cut

. . . . sets
Cut set is a collection of basic events on condition that When there is no duplication of basic events among the

the top event must occur when these events occur. If & CUarious minimal cut sets, the calculation can follow step-
set is no longer a cut set when its any event is removedy,_gien aigorithm directly. At first, the probability plot o
then the cut set is called minimal cut set. It is the smallestyzsic events in various minimum cut sets is obtained. and

combination of basic events contributing to the occurrencepean the summation of probability of each minimal cut sets

of the top event. is calculated. Formula is as follows:
It won’ be stopped to use the next layer of events to . N

mj
represent a layer of events from the top of the fault tree - o
following the bottom up approach, until the top event is = H H G =1- H(l B H a) ()
indicated by all the basic events in Boolean expressions.
Then, the minimal cut sets can be obtained after In the formula,M/; represents thg!" minimal cut set;
transforming the Boolean expressions into the briefest;j is the sequence number of minimal cut set;is the
disjunction. total number of minimal cut sets; is theit" event which
belongs to thg*” minimal cut set.

2)Minimal cut sets with duplicate basic events

Trail set is a collection of some of the basic events of ~ When various minimal cut sets include duplication of
the fault tree. When these events do not occur, the togvents, the repeated factor of the probability productén th
event must not occur. If a path set is no longer a path seabove formula must be removed. It can be solved through
when its any basic event is removed, then the path set ithe following equation:
called minimal path set. It is the smallest combination of =~ = o
basic events that cannot result in the occurrence to the to;T) - j:ln’“e"” " lgygcgm Iavem, Gy @+ + D" Tct s, @
event. The minimal path set is a necessary and sufficient (10)
condition for the non-occurrence of the top event. In the formula, the letter *j” , “k” are both the codes of

The general method applied to seek the minimal pathminimal cut sets; the expressien € m; | m;, represents
set is the Dual Tree method, that is to say, to convert thehat thei*” basic event belongs to both of two minimal cut
fault tree into the dual success tree. The minimal cut setsetsm; andm;. The formula can be seen as the general
obtained is the minimal path set sought. The conversiorform of the formula in the first case, and it comes from the
examples of the dual success tree are as follows3Fig.  expandedness of the first formula.

Jj=lz;Em; J=1 i=1l,xEm;

(2)Minimal path sets
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o

Fig. 3: The conversion examples of the dual success tree

3 Applied Research follows:{Xo X0}, {Xs X1 X3} {Xo X1},{Xs
Xioh { X1 Xg}, {X3 Xh},{X3 Xy}, {X2 Xo},
Types of elevator safety incidents include the door system{ X, X0}, {X5 Xo},{X11 X1}, {X5 X3}, {Xy
accident, hoisting, squatting bottom and other accidents X3}, {X, X; Xi3},{Xas Xr X3}, {X3 X7
Among them, the proportion of the door system accidentX 3}, {Xo X1}, {Xs X2}, {X7 X2}, {X3 Xu1}.
is about80%, which is the largest. And therefore, the There are20 ways in total, that is to sa30-way can result
research on the security risks of the elevator door systenin a door system accident. Then the fault tree can be
research is carried out. The door system accident refers teimplified for above20 kinds of combinations, grassroots
the shearing, extrusion and fall accident, which has thefor And gate, high-level for OR gate.

biggest loss and is also the most common accident. o
(2)Minimal path sets

. Apply the success tree method, derive the dual
3.1 Construction of the fault tree of elevator success tree of the fault tree , and then obtain the minimal
door system cut sets of the success tree by employing Boolean
algebra. The minimal cut sets obtained are the minimal

The influencing factors of the accident are analyzed omyath sets of the fault tree. From this, the combinations of
the _ba5|s of clarifying the elevato_r door system accidentyzsic events which cannot give rise to the top event are
Taking the XX elevator as the object of research, and theyptained. The calculation results are:

fault tree of the door system security incidents is(x, x, X, X; X; X4}, {X» Xu Xi Xn

constructed as shown below (F4y. Xs X Xs X} {Xa X3 X1 Xz Xs}{Xuo
X Xi X5 Xo Xr X6}7{X2 X3 Xg X2

o . X3}, { X100 Xuu X1 Xi2 Xo X5 X7} {Xiwo Xis

3.2 Qualitative analysis of fault tree of the X; X2 Xo Xnh{X: Xu X1 X5 X5 X

elevator door system X7 Xe},{Xo X3 Xs X5 X3 Xio Xu Xe
X~}.There are) kinds of combination in total.

According to the rules of Boolean algebra, the qualitative _

analysis results of fault tree of the elevator door system ar (3)Structure importance

as follows: The structure importance obtained by querying truth

(1)M|n|ma| cut sets table is as ShOWm(l) = 01,](2) = 0117,1(3) =
0.117,1(4) = 0.033,1(5) = 0.05,1(6) = 0.025,1(7) =
0.075,I(8) = 0.025,1(9) = 0.051(10) =

0.075,I(11) = 0.092,1(12) = 0.125,1(13) = 0.117.

(.B.l B2) + By By) +(Ba- Bs) Sorted them by size is:

T=A+ A+ A3

(X Xa) 4 (Xt X X)) (X X0) 4 (Xe - X I(12) > I(13) = I(2) = I(3) > I(1) > I(11) >
+((Xf. X;)Ol ( )((3 X0+ ( Xf? le)) G XQ. X(g) X a0 i) s 1(9) = 1(5) > I(4) > I(8) = I(6).

+(X10 - X12) + (X3 - Xo) + (X11 - X12) + (X5 - X13) The structure importance of events rank as follow:
+(X1 - X13) + (Xo - X7+ Xu3) + (X4 - X7 - X13) elevator outage, people trappedelevator car not in flat
+(X3 - X7 X13) + (Xo - X11) + (X6 - X12) layer= flaws of installation desiga- not timely overhaul
+(X7 - X10) + (X3 - X11) > illegal operation> lack of safety publicity> Weak

(12) sense of security= lack of training > normal riding=
Thus the obtained minimal cut sets of fault tree of the undocumented work> lack of management of handover
elevator door system are shown as > normal call= lack of contingency plan.
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Falling

+

Falling of
layer portal

Extrusion

Falling of
car door

The elevator
suddenly started

Layer door open
or fall together

safety
publicity,

Open the door
with Triangular

Relay
failure

Switch point
failure

Interlock
failure

Failure of guide

Damage of device of
mechanical lock of Layer door
Layer door

Optional
operation of staff

Passenger opens
the elevator door

timely

without
ertificatg

installation
design

installation

installation N
design

design

installation
design

Lack of
management
of handover,

Fig. 4: Fault tree of accident of elevator door system

3.3 The fuzzy probability solving of elevator 3.4 The recommendations of the safety and risk
door system accident prevention

Based on the foregoing analysis, the elevator exists
serious hidden security problems. The prevention
programs should be developed comprehensively and

of basic events and expert's(electronic equipment expertyStematically from the aspects of personnel, equipment,
environment and management. The  specific

in the XX Special Inspection Institute) estimate should be .
recommendations are as follows:

taken fuzzy processing. The results are listed in the -9 .
following table (Table 2). (1)Focus on monitoring the elevator operation status
of the cell. Urge the elevator maintenance companies and

According to preceding parag.raphs, the minimal CUl o sidential property to investigate comprehensively the
sets of fault tree corresponding with elevator door systeMyiqden security risks of elevator equipments

posses=0 kinds of combinations. T_he probability of the (2)Strictly examine the qualification of the residential
top event.(elevator door system accident) calculated by th‘Jelevator operator, maintenance and inspection personnel,
software is as follows: ) and property management personnel who charges the
T ~ 0.03903; Fluctuation range0.03561 ~ 0.04021 elevator, further strengthen staff training and safety
The standard last year is less thars per million education.
accidents in elevator door system. In accordance with the (3)Special inspection departments should alert the
standard, the probability of the top even03903 shows  residential property that the staff should implement
that the elevator is a serious security risk. Thus timely andstrictly the provisions of the elevator safety management,
effective measures should be taken to supervise andénprove the safety awareness of risk prevention, and give
control basic events in each minimal cut set of Fault Treepublicity to passenger about the knowledge of elevator
Analysis. safety.

Owning to the fact that the accurate and authoritative
statistics are unable to obtain, thus part of the probabilit
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Table 2: Results of Fuzzy Probability

Code One Name of Basic events Fuzzy of statistical probability
X1 lllegal operation (0.001,0.052,0.002)
Xo Flaws of installation design (0.0005, 0.003, 0.0005)
X3 Not timely overhaul (0.008,0.03,0.008)
Xy Lack of management of handover (0.0010.0110.001)
X5 Undocumented work (0.0060.0230.004)
X6 Lack of contingency plan (0.0020.0060.002)
X7 Lack of training (0.010.0830.01)
X1 Lack of safety publicity (0.0070.020.007)
Xi2 Elevator outage, people trapped (0.00050.0020.0005)
Xi13 Elevator car not in flat layer (0.00050.0020.0005)
Code Name of Basic Valuation probability
Two events of expert m g (I,m,u)
X3 Normal call (0.40,0.50, 0.60) 0.50 0.09 (0.27,0.5,0.27)
X9 Normal riding (0.20,0.30, 0.40) 0.30 0.09 (0.27,0.30,0.27)
X0 Weak sense of security | (0.01,0.01,0.01) 0.01 0 (0,0.01,0)

In accordance with the feedback, the aboveequipment, which has a certain significance for safety
recommendations are adopted by local special inspectiomanagement of special equipment.
department, and are very effective for safety management
of residential elevators in that residential area.
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